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This work investigates the influence of the interfacial debonding in a nanofiber reinforced composite on
the mechanical properties. Mainly, three dimensional-axisymmetric finite element analysis is adopted to
study a representative volume element (RVE) which is consist of carbon nanofiber confined by a polymeric
matrix and subjected to axial tension. Besides, a longitudinal interfacial debonding is imposed along the
interfacial nanofiber/matrix. The result of the FEA demonstrate a significant impact of the interfacial
debonding on the Young’s modulus of the nanocomposite.
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1. INTRODUCTION

Nanocomposites are a novel class of composite mate-
rials where one of the constituents has dimensions in
the range 1-100 nm [1]. They can be produced by em-
bedding reinforcement in the form of nanofibres or
nanotubes in a matrix such as a polymer in a similar
manner to conventional composite materials [2]. Nano-
composites is considered as one of the growing areas of
nanotechnology, since CNTs have remarkable mechani-
cal properties and is intensively used as reinforcements
in polymers and other matrices to form what is nowa-
days is called “Nanocomposite materials”’[3]. Nanofibers
in general, and the nanotubes in particular, can be
hundred times stronger than steel and even more than
six times lighter, become as a candidate for aerospace
application [4]. Moreover, nanotubes show increasing in
composite strength by as much as 25 % [5]. Nanocompo-
sites’ reinforcement can include nanofibers, nanoplate-
lets and nanoclay. These reinforcements are functional-
ized with additives, by this means resulting in a strong
interfacial bond with the matrix [1]. Mainly, there are
three mechanisms of interfacial load transfer between
nanofiber and the matrix, which are the weak van der
Waals force and the reinforcement, chemical bonding,
and micromechanical interlocking [6]. Mainly, there are
two causes behind a mechanically strong or weak nano-
composite material which affects the stiffness, the ma-
trix interface with the nanofibers and the stress trans-
fer. As the nanocomposite subjected to mechanical load-
ing, stress concentrations will take place at the ma-
trix/nanofiber interface which will eventually lead
weakness of the nanocomposite and eventually lead to
damage nucleation, initiation, growth and final non-
tolerated failure [7]. There are two probable sources of
damage nucleation in nanocomposites; poor wetting of
the nanofibers by the polymer and the aggregation of
the nanofibers [8]. Both cases produce polymer rich
nanocomposite portions that are likely to experience low
stress to failure. Researchers [9] have observed that one
of the reasons that nanocomposites may have a low
strain to failure is the high interfacial stress that can
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lead to nanofiber / matrix debonding. In addition, the
stress transfer from the matrix to the reinforcement is
the main factor that will dictate the final nanocomposite
material strength. It is reported that load transfer
through a shear stress mechanism was observed at the
molecular level [1]. Moreover, local interfacial proper-
ties affect the macrolevel material behavior, like reduc-
tion in flexural strength in nanotube / epoxy composite
beams due to weakly bonded interfaces [10], as well the
reduction in composite stiffness which was attributed to
local nanofibers/ nanotube waviness [11], whereas the
impact of the interfacial crack [12], mismatch [13] and
the nanoinclusion [14] on the interfacial stresses in
nanocomposite were investigated using finite element
method. As a results, deterioration of the nanocompo-
site’s mechanical properties can be attributed to many
factors, therefore it has been attracted many researches
to investigate the effective Young’s modulus as well as
the parameters that play big role in the predicted prop-
erties. Gawandi et al [15] investigated the influence of
the nanofiber elastic properties and toughening effect of
the nanofiber by 3D-FE of a penny-shaped cracked ma-
trix as well as the impact of mismatch. Whereas a rep-
resentative volume element (RVE) of a simplified 3D
model for a wavy carbon nanotube (CNT) is considered
[16] to study the stress transfer in (SWCNT) compo-
sites. The adopted model was capable of predicting axial
as well as interfacial shear stresses along a wavy CNT
embedded in a matrix. Moreover, the effects of the wav-
iness of the CNTs and the interfacial debonding be-
tween them and the matrix on the effective moduli of
CNT-reinforced composites are studied by a simple an-
alytical model to investigate the influence of the wavi-
ness and debonding on the effective moduli [17].
A computational numerical-analytical model of nano-
reinforced polymer composites is developed taking into
account the interface and particle clustering effects [18].
The model was employed to analyze the interrelation-
ships between microstructures and mechanical proper-
ties of nanocomposites. An improved effective interface
model which is based on Mori-Tanaka approach and
includes the nanoparticle geometry and clustering ef-
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fects was developed. Yijun et al used advanced bounda-
ry element method (BEM) to study curved cracks at the
interphases between the fiber and matrix in the fiber
reinforced composites, where stress intensity factors
(SIFs) are evaluated and the interface cracks at the
interphases of fiber-reinforced composites are studied
and the effects of the thickness and materials on the
SIFs are investigated. The effects of spatial distribution
and geometry of carbon nanotubes (CNTs) on the mac-
roscopic stiffness and microscopic stresses of CNT rein-
forced polymer composites are investigated based on the
multi-scale homogenization theory [20], besides the in-
fluence of the aspect ratio and volume fraction of CNT,
the end gap between two coaxial nanotubes and the
distance between two parallel nanotubes on the nano-
composites are also investigated. An extensive review of
the work done of experiment, theory of micro-
nanomechanics, and numerical analysis on characteriz-
ing mechanical properties of nanocomposites is present-
ed [21]. Three different approaches are discussed in
finite element modeling, i.e. multiscale representative
volume element (RVE) modeling, unit cell modeling,
and object-oriented modeling. Also, the mechanism of
nanocomposite mechanical property enhancement and
the ways to improve stiffness and fracture toughness for
nanocomposites are discussed. Unnati et al [22] studied
the effects of pinhole defects on the mechanical proper-
ties are investigated for wavy carbon nanotubes based
nanocomposites using 3D RVE with long carbon nano-
tubes. The Young’s modulus of elasticity are evaluated
for various values of waviness index, as well as type and
number of pinhole defects under an axial loading condi-
tion. The presence of chemical bonding between func-
tionalized carbon nanotubes and matrix in carbon nano-
tube reinforced composites is modeled by elastic beam
elements representing covalent bonding characteristics
by neglecting reinforcing mechanisms in the composite
such as relatively weak interatomic Van der Waals forc-
es [23]. The effective mechanical properties of CNT-
based composites are evaluated using a square RVE
based on the continuum mechanics and with FEM [24].
Besides, formulas to extract the effective material con-
stants from solutions for the square RVEs under two
load cases are derived based on the elasticity theory.
Rafiee et al [25] investigated the impact of CNTs on the
fracture behaviour by estimating J-integral of compo-
sites using A 3D FEM consisting of CNT, interphase
and surrounding polymer is constructed. CNT is mod-
eled as a lattice structure using beam elements and the
interphase region is simulated using non-bonded inter-
actions. The longitudinal behavior of a CNT in a poly-
meric matrix is studied [26] using a non-linear analysis
of a full 3D multi-scale FEM consisting of carbon nano-
tube, non-bonded interphase region and surrounding
polymer. The bonding between carbon nanotube and its
surrounding polymer is treated as van der Waals inter-
actions and corresponding longitudinal, transverse and
shear moduli are calculated. Based on molecular me-
chanics, an improved 3D-FEM for armchair, zigzag and
chiral single-walled carbon nanotubes (SWNTs) was
developed [27] and the bending stiffness of the graphene
layer was considered. The elastic stiffness of graphene
was studied and the effects of diameters and helicity on
Young’s modulus and the shear modulus of SWNTSs
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were investigated. Tserpes and Chanteli evaluated the
effective elastic properties of carbon nanotube-
reinforced polymers as functions of material and geo-
metrical parameters using a homogenized RVE and 3D
FE model. The parameters considered are the nanotube
aspect ratio, the nanotube volume fraction as well as
the interface stiffness and thickness. Both isotropic and
orthotropic material properties have been considered for
the MWCNT. Atomistic-based FE analysis is combined
with mechanics of materials to evaluate the geometrical
characteristics and elastic properties of beams by using
3D FE analysis and a linear behavior of the C-C bonds
to estimate the tensile, bending and torsional rigidities
of CNTs [29]. A developed FEM based on molecular me-
chanics to predict the ultimate strength and strain of
SWCNT, and the interactions between atoms was mod-
eled by combining the use of non-linear elastic and tor-
sional elastic spring. Mechanical properties as Young’s
modulus, ultimate strength and strain for several CNTs
were calculated [30]. Herndndez-Pérez and Avilés [31]
investigated the influence of the interphase on the effec-
tive properties CNT composites using FEA and elastici-
ty solutions for RVEs and the influence of the thickness
and gradient in elastic modulus on the elastic properties
and stress distribution of the composite is examined. A
proposed SWCNT-FEM, based on the use of nonlinear
and torsional spring elements is adopted [32] to evalu-
ate the mechanical properties. The influence of tube
diameter and chirality on the Young’s modulus of
SWCNTSs was investigated, armchair, zig-zag and chiral
nanotubes, with different size, were tested under
uniaxial load.

The present paper investigates through using the fi-
nite element analysis the significances of the debonding
between the nanofiber and the matrix of nanocomposite.
Mainly, the proposed debonding is modeled to be existing
between the nanofiber and the matrix as a longitudinal
defected zone. Therefore, the impact of this debonding
will be studied and discussed in term of the stiffness of
the representative volume element (RVE), i.e., effective
Young’s modulus. Linear elastic analysis is chosen as the
basis for the present analysis using finite element analy-
sis. Uniaxial load is imposed to study the case, whereas
three different values of the reinforcements’ stiffness are
used to model the nanofibers’ properties. Each case are
investigated individually through using traditional pack-
age ANSYS to predict normal and shear stresses along
the interfacial nanofiber/matrix for both debonded and
intact RVE. Representative volume element (RVE) was
proposed to model the case, and 3D-axisymmetric dimen-
sional analyses are implemented to model the nanocom-
posite because of the complexity of the problem.

2. FINITE ELEMENT ANALYSIS

Finite element analysis (FEA) has been used by re-
searchers as a powerful tool in investigating the interfa-
cial stresses, the failure strains as well as the effective
Young’s modulus of the nanocomposites instead of mo-
lecular dynamic simulation [6], since the latter can only
deal with physical phenomena at the level of a few na-
nometers at the present stage, whereas the size of a rep-
resentative volume of a nanocomposite material ranges
from 10 nm upward to several hundreds of nanometers.
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It was reported that mostly the smallest dimension of
the nanofiber under investigation of the researchers lies
in the range 20-50 nm, therefore continuum mechanics
assumptions, like the one used in the finite element
analysis are still valid at such length scales. Analogous
finite element analyses have been reported by [16] with
a focus on stiffness analysis incorporating micromechan-
ics theory. In fact, these finite element analyses simpli-
fied the complex interaction among the nanoscale rein-
forcement, matrix and the doable interphase [6].

In this paper, the aim of the finite element analysis
(FEA) is to investigate the impact of a proposed
debonding between the matrix and the reinforcement,
i.e., nanofiber, on the effective Young’s modulus of the
nanocomposite. Moreover, the analysis explores the
interfacial normal and shear stresses along the nano-
fiber sides. The FEA modeling was carried out using
ANSYS software. In order to simplify the modeling of
the study, 3D-axisymmetric dimension analyses were
conducted by FEA which is mainly based on a cylindri-
cal representative volume element (RVE) of the nano-
composite material. Besides, constituents properties of
the nanoreinforcement and the matrix have been ob-
tained used similar to the previous investigators [6].
The proposed RVE model as well as the interfacial
debonding used in this study is shown in Fig. 1, where-
as Fig. 2 illustrates the 3D axisymmetric FE model and
the boundary conditions used in the analysis.

Lrve
F

Fig. 1 — Cylindrical RVE reinforced by nanofiber with circum-
ferential interfacial debonding

Due to complexity of the problem, 3D-axiymmertic
finite element analysis is carried out to model the nan-
ofiber composite, i.e., RVE. Four-node quadrilateral
element (solid 182) is employed in the investigation
through ANSYS software to assess the effective stiff-
ness, i.e., Young’s modulus, as well as the interfacial
stresses along the nanofiber. The interfacial debonding
is modeled as circumferential sharp crack. Tie con-
straints are applied locally at the interface between the
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Fig. 2 — 3D-Axisymmetric FE model with boundary conditions

nanofiber and the matrix except for the debonding line
La in order to represent the interfacial debonding zone.
A dense mesh in and around the nanofiber-matrix in-
terface to a relatively coarser mesh utilized for the rest
of the RVE.

3. GEOMETRY AND MATERIALS
SPECIFICATION

The material properties used in the baseline RVE is
epoxy matrix has a Young’s modulus of E» =4 GPa and
Poisson’s ration of vn=0.4. Analogous to other finite
element analyses done previously [6], the nanofiber is
considered as transversely isotropic materials [14]. The
nanofiber is considered as a carbon fiber of elastic modu-
lus of Ef=200, 400 and 1000 GPa respectively. A tensile
stress of unit nN /nm? is applied on the nanocomposite
and imposed to be parallel to the longitudinal nanofiber
of the nanocomposite, whereas the transvers direction of
the nanocomposite is left free of any load.

The adopted cylindrical RVE of the proposed nano-
composite is proposed to have a length of Lrve =120 nm
and diameter of Drve = 90 nm. The RVE consist of a ma-
trix of polymer and a nanofiber. The nanofiber has a
cylindrical shape of Ly= 100 nm and D= 20 nm which is
equivalent to Lrve/Lf=1.2 and Drve/Df=4.5 which
can be expressed by a fiber volume fraction of the nano-
composite Vr=4 %.

The debonding length along the longitudinal side of
the nanofiber Lq of 0, 10, 25, 40 and 50 nm is consid-
ered in the analysis for the cases studied, and this val-
ue is corresponded to debonding length to the nano-
fiber’s length of Lqs/ Lf=0, 0.2, 0.5, 0.8 and 1, where
intact RVE whenever Lq/ Lf=0 which si the standard
case, whereas the fully debonding case when Lq/ Lr=1.
The nanofiber and the matrix in the model are as-
sumed to be bonded perfectly with the exception of the
debonding line. Frictionless sliding behavior is as-
sumed between the mismatch’s faces.
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The level of the local interfacial stresses arises at
the debonding line are inspected as well. The defected
nanocomposite, i.e., debonded, is investigated under
static loading conditions for uniaxial tensile stress. In
addition, the debonding length Lq along the longitudi-
nal side of the nanofiber is considered as parameters in
the analysis through the analysis. Nanofiber’s stiffness
is considered as another parameter in the analysis.

The impact of the longitudinal debonding on the
longitudinal side of the nanofiber is studied to estimate
the effective Young’s modulus and for both interfacial
normal stresses oy along the nanofiber’s diameter and
the shear stresses 7y as well as Von Misses stresses
along the nanofiber’s side. It is important to mention
that effective Young’s modulus of the nanpocomposite
is estimated through longitudinal displacement results
by imposing multipoint constraints (MPC) on the cylin-
drical RVE along RVE’s diameter.

4. RESULTS AND DISCUSSION

In the FE analysis of the RVE which contains longi-
tudinal debonding, the impact of the debonding to the
nanofiber length 2La/ Ly on the effective Young’s as well
as the interfacial normal, shear and Von Misses stresses
and are investigated in three stages.

In stage I, the effective Young’s modulus of the RVE
is investigated due to presumed debonding, whereas in
stage two the normal and Von Misses stresses along the
transverse side of the nanofiber is investigated, whereas
in the last stage, the longitudinal shear and Von Mises
stresses are estimated. The main parameters in the
analysis are the debonding length ratio, i.e., 2Lq/ Ls
which has value of 0, 0.2, 0.5, 0.8 and 1 respectively,
whereas the nanofiber’s stiffness values are Ef/ En = 50,
100 and 250.

It is observed from Fig. 3 increases in the effective
Young’s modulus of the intact RVE to be 1.54 times the
matrix stiffness for the Ef/ Em =50 case, whereas rises
from 1.64 to 1.71 as the Ef/ En varies from 100 to 250,
this attributed to the impact of the reinforcement’s stiff-
ness. As the debonding introduces, a significant reduction
in the normalized effective Young’s modulus of 1.3 %
when Lg¢ =10 nm, where it is observed to b almost con-
stant between 2Lq/L;=0.2 to 0.5. After crossing
2Lq/ Ly=0.6, the second stage reduction in normalized
effective Young’s modulus occur up to total reduction in
stiffness of 6.5 % for the Ef= 200 GPa whereas this maxi-
mum value becomes 7.4 % and 9.4 % for both Er= 400 and
1000 GPa respectively as the RVE becomes fully debond-
ed in the longitudinal direction. That means, as the
debonding increases, the impact of the nanofiber’s stiff-
ness becomes negative on the effective Young’s modulus.
Normal stress o5 and Von Misses stresses von are esti-
mated along the transverse side of the nanofibers as the
debonding progresses through the longitudinal side of
the nanofiber. Figure 4 illustrates a drop in normalized
oy up to 10.7 % as debonding approaches 10 nm, whereas
almost remains constant through the progress of the
debonding from Lgs=10 to 80 nm. Beyond this limit, a
significant rise in normalized oy observed to be 62.5 % as
RVE becomes fully debonded, and this attributed to the
stresses at the transvers side started to carry the whole
applied stresses, and this may cause peeling failure be-
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tween nanofiber and the matrix. This is for Ef/ En = 50,
for the other stiffness ratio, the maximum normalized
stress approaches 61.9 and 62.3 % for the Ef=400 and
1000 GPa respectively.
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Fig. 3 — Normalized effective Young’s modulus E/ Em versus
total debonding length over nanofiber’s length
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Fig. 4 — Normalized stress of transverse side oy/c versus total
debonding length over nanofiber’s length

In the other hand, the Von Misses stresses along the
transverse side shows a quit similar behavior but a little
bit higher stresses, as shown in Fig. 5, and this is ex-
pected due to combined load effect. As in the normal
stresses oy, there is a drop in stresses about 15.7 % at
Lq=10 nm and remains almost steady up to Lqs = 80 nm.
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Fig. 5 — Normalized Von Misses stress of transverse side
ovon | oversus total debonding length over nanofiber’s length

After that an increase in stresses up to 62.6 % as RVE
becomes fully debonded, and this value exactly the same
percentage estimated for normalized oy. Again, the im-
pact of the nanofiber’s stiffness play opposite role on the
escalading Von Misses stresses which have range of 58.4
to 64.3 % as Ef= 400 to 1000 GPa respectively.
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The third stage of the analysis is to investigate the
shear oxy and the Von Misses stresses on the longitudi-
nal side of the nanofiber. Figure 5 shows that as the
debonding increases, a slight increase in normalized
shear stresses is observed, which starts from 16.6 % at
2Lq/ Lf=0.2, and remains almost stable until the
debonding approaches 50 % of the nanofiber’s length, so
it starts to increase to 78.5 % at Lq¢ = 80 nm and becomes
quit steady as RVE being fully debonded. This is for the
case where Ef/ E» = 50. A similar behavior for the other
ration, i.e., Ef/ En =100 and 250, but with greater level
of stresses. The maximum growth in normalized shear
stresses can be as 76.4 to 77 % for the Ef=400 and
1000 GPa respectively.

On the contrary, Von Misses stresses on the longitu-
dinal side of the nanofiber don’t show similar behavior
as in the transverse side. The stresses show increase of
25.9% as Lq=10nm, and remains stable between
2La/ Lf=0.2 to 0.8, and then large jump in Von Misses
stresses approaches to 181.7 % as RVE becomes fully
debonded. This analysis for Ef/ En = 50, for the other
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